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INTRODUCTION

Conoco' s experience with the gasification of Pittsburgh No. 8 and Ohio
No. 9 coals in Westfield, Scotland has suggested that the coking properties of
these coals, and other Eastern U.S. coals by inference, under increased pressure
are different from those normally measured at one atmosphere.

Convinced that the initial coal-based commercial synfuels plants in
the U.S. will be gasification plants, Conoco has invested in the equipment
necessary to carry out this study.

The work reported herein involves the operation of a pressurized coker,
a pressurized Gieseler Plastometer and a device for measuring the Pressurized
Swelling Index (PSI). The results of testing various coals by these methods are
particularly useful in the evaluation of said coals for use in both dry and wet
bottomed Lurgi gasifiers.

Seven coals, covering a fairly wide range of ranks and characteristics,
) were included in this work. These included three Eastern U.S. bituminous
coals, EPRI-Champion and Westland from the Pittsburgh No. 8 seam and Noble County
tfrom the Ohio No. 9 seam. Also included were an Illinois No. 6 bituminous coal,
Burning Star, a Western U.5. subbituminous coal, Upper Hiawatha, from Utah, and
! two bituminous coals, Frances and Rossington from the U.K. Four of these coals,
EPRI-Champion, Noble County, Frances and Rossington were actually run in the
BGC/Lurgi slagging gasifier during various programs in Westfield, Scotland.

EXPERIMENTAL

Drum sized samples of each coal were prepared for testing by the flow
sheet shown in Figure 1, All samples were stored in sealed plastic bags until
ground finer than 1/4” after which time they were saved in a CO, atmosphere in a
dry ice chest.

The parting material or gob from each coal sample was saved and sized
as needed for cach test where gob addition was called for. Several of the
samples, as received, contained no gob, hence waste material from another mine
in the same seam or, if that was not available, parting material from a similar
coal sample was used. The following gob was used with each coal as listed

below:
Coal Gob
EPRI Westland
Westland We st land
Noble County Egypt Valley =~ Ohio No. 9
Burning Star Hillsboro - Illinois No. 6
Frances None
Rossington Hillsboro
Upper Hiawatha, Upper Hiawatha
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The proximate and ultimate analyses of these coals are given in Table 1.
Also shown in this table are the heating values, ASTM Gieseler fluidity and Free
Swelling Index (FSI), the Hardgrove grindability and a strength index for each
coal. These represent the normally measured physical and chemical properties of
coal.

The Gieseler fluidity in DDPM and the Free Swelling Index (FSI)
reported in Table 1 are the standard ASTM test values for each coal.

The relative strength of each coal was determined by the CCDC mini
drum method which consists of tumbling a 10 g sample in a specially designed 8"
diameter tumbler with two 180° opposed internal vanes. A composite mini drum
index was calculated for each coal which can be used to compare the relative
strengths of coals und/or cokes. The higher the number the stronger the material.
The same test was used Lo measure the strengths of all cokes produced in the
pressure coker runs described later.

The coal strengths, ranging {rom a low of 0.81 for the Noble County
coal to 0.94 for the Frances, are quite high. 1In almost every case the strength
of each coal is greater than that of the cokes derived from them.

The grindability numbers are consistent with the strength indices with
Frances at 38.6 being the hardest to grind and the strongest from a strength index
standpoint. DBased on the grindability all the coals are physically rugged and
should pose no problems upon feeding to a Lurgi gasifier.

Pressurized Coal Fluidity Studies

The measurement of the fluidity of coals as they are heated through
350 to 500°C has been of significant benefit to the steel industry in predicting
the performance of various coals in slot ovens. The standard method of determin-
ing coal Iluidily is via the Gieseler plastometer. This test, normally carried
out at 1 atm total pressure in air, consists of applying a constant torque to a
rabble arm stirrer, packed in a sample of finely ground coal, and measuring the
rate of rotation of the stirrer as the sample is heated at a constant rate
(usually 3°C/min) through the plastic zone.

In general, couals of higher rank (except anthracite) are found to be
more fluid by this test than those of lower rank. Little is known, however,
about the fluidity of coals at elevated pressures and in gas atmospheres other
than air.(l’z) This becomes of particular interest for moving bed coal gasifiers
where raw coal is introduced at rather high temperatures and at elevated pressures
of reducing gas. Hence, the work described herein was aimed at determining the
cflect of these variables, as well as higher heating rates, on the fluidities of
different coals. Table 2 lists the parameters tested in this work.

Apparatus:

The basic equipment used in this work has been described previously.(2)

Both the heating rate and the torque are continuously variable on this machine
between the values of O and 6°C/minute and O and 720 g.cm, respectively. The
variable heating ratc permits examination of the cffect of this parameter on
coal fluidity whereas normal Gieseler operation is at a fixed heating rate of
3°C/minute. The capability of lowering the torque below the standard value of
100 g.cm permits measurement of fluidities far in excess of the normal 30,000
DDPM maximum. :




Procedure:

Hand picked lumps of coal were ground in air to -35 mesh and either
tested immediately or stored in a CO, atmosphere in a dry-ice chest. Coal
samples of this kind are identified in this report as "clean coal”. When
specilied by the program, '"clean” coal samples were doped with gob ground to -35
mesh. Frances coal was not doped due to the clean nature of this seam. Tar was
added to the coal and gob mixture as a solution in toluene. The coal-gob-tar
slurry was then placed in a vacuum oven and the toluene was evaporated at about 50°C.

A modified ASTM D-2639-71 "Standard Method of Test for Plastic
Properties of Coal by the Constant-Torque Giescler Plastometer'" was employed.
As opposed to the ASTM standard method, the mujority of the runs in this study
were done at a heating rate of 6°C/minuLe and only one for each coal was made at
the standard rate of 3°C/minutc. Also, the standard torque of 1.40 oz-in
(100 gm-cm) was used only when the maximum fluidity of the coal in question was
within the range of the apparatus, i.e., 0-28,000 DDPM. 1In the ecases where the
coal fluidity exceeded the operating range of the instrument, "low" torgues, i.e.,
0.45 oz-inch (32.4 g-cm) or 0.26 oz-inch (18.7 g-cm), were employed and the
results were corrected by factors of 3.1 or 5.4, which are the ratios of the
standard torque and the lower torques, (1.4/0.45 and 1.4/0.26), respectively. A
considerable degree of uncertainty may be associated with the numerical value of
the high torque/low torque correction factor. The actual ratio of the torques
is theoretically correct for Newtonian fluids. However, since each coal in its
plastic state may deviate from Newtonian behavior to a different degree, the
values of 3.1 or 5.4 may only be considered to be approximations to the true
values,

When the test was Lo be performed in a gas mixture containing 18 or
31.5 vol % Hy at a total pressure of 350 psig, the pressure vessel containing the
plastometer was evacuated and then pressurized with hydrogen to 51 psig and 100
psig, respectively. The hydrogen was then diluted to the desired degree by
pressurizing the vessel up to 350 psig with prepurified nitrogen. The remainder
of the runs were carried out in a prepurified nitrogen atmosphere or in air.

Results and Discussion:

Tables 3 through 6 show the effects of the studied variables, i.e.
of the healing rate, gas composition, gob content, tar content, and nitrogen
pressure, on the fluidity of the coals studied. Figures 2 through 6 are
graphical representations of the data obtained on the fluidities of the seven
coals in Lhis program.

The following conclusions may be drawn from these data:

1. In all cases, an increase in the heating rate resulted in
substantially increased fluidity (Figures 2 and 3). This effect
is directly comparable to and in complete agreement with that
observed by Van Krevelen, et,al,'?

2. In all cases, except that of Frances and Upper Hiawatha coals, the
fluidity of the coal is moderately sensitive to hydrogen partial



pressure at 350 psig total pressure (Figure 4). The effects of all
the variables - except the heating rate - on the fluidity of Frances
and Upper Hiawatha coal is so small that these coals may be considered
non- fluid.

3. The observed effect of an increase in fluidity with an increase in
total, or nitrogen pressure, Table 6, is consistent with work done
previously on other coals(l'z) in this pressure range.

4, Increasing the gob content in all coals reduced the fluidity in all
cases, Frances coal was not subject to this type of test.

5. The addition of 4 wt % of Pittsburgh No. 8 derived tar significantly
increased the fluidity of all coals except the Frances and Upper
Hiawatha.

The results of this work on the effect of both total pressure and
hydrogen partial pressure, qualitatively support the conclusion of Lewollen,(4)
however, the available data are insufficient to quantitatively test this model.
To fully test this model would require a much wider range of both pressures
(10-2-10*? atm) and heating rates (up to 10%°C/min) than is currently possible.

The qualitative correlations of the fluidity with the experimental
parameters, as discussed above, suggest that with additional data, especially
from work on other coals, a meaningful predictive correlation of these data may
eventually be possible. Initial attempts Lo correlate the observed fluidity
data with various physical and chemical properties have been encouraging. There
is strong evidence which suggests that with data from several additional coals a
correlation of fluidity with various petrographic features may be obtained.

Pressurized Swelling Index

The free swelling index, FSI, of coal as defined by the Asth(®) ig
another valuable tool of the steel industry. This test consists of rapidly
heating a finely ground coal sample to about 800°C and observing the degree to
which the coal cakes and swells. This test, as in the case of standard Gieseler
work, is carried out at one atmosphere in air. The values for the ASTM FSl's
for each coal are given in Table 1. For the present work it was believed that a
similar test under simulated gasifier conditions might be of value in predicting
the behavior of coals as fed to a moving bed gasifier.

While the pressurized swelling tests carried out in this work are as
close to the ASTM standard method as possible, one major difference was unavoidable.
Due to the use of elevated pressures the healing rate of this test is not the
same as Lthat prescribed by the ASTM standard mcthod.(ﬁ) Furthermore, the heating
rate at each test condition was slightly different due to the difference in
pressure and thermal conductivity of the gases used. The heating rate was,
however, the same lor each coal at the same test condition and conclusions drawn
from such comparisons should be valid. In general the coke buttons produced in

the CCDC pressurized swelling index (PSI) test arc significantly less voluminous
than those of the ASTM test.




Apparatus:

The equipment for this test, as shown schematically in Figure 7,
consists of an electrically heated steel core enclosed in a pressure shell., A
sample crucible holder assembly is attached to a 1/4" lifting rod which passes
through a packing gland at the top of the vessel. Strategically located
thermocouples permit continuous monitoring of the core and crucible temperaturc.

Procedure:

A 1.00 gm sample of coal, ground to -60 mesh, was placed in the test
crucible, covered with a 1lid and positioned in the holder. The vessel was then
closed, sealed and evacuated in order to displace air and then flooded or
pressurized with the desired gas. After the required pressure was attained, the
lifting rod with the holder and the crucible was pushed down onto the core
surface which had previously been equilibrated at 1500° 4+ 5°F. Temperatures of
the core were rccorded every 20 seconds beginning with the time when the crucible
reached the core. The crucible was lifted after 5 minutes, the apparatus was
depressurized, purged with nitrogen and the crucible was removed. The coke
button was carefully taken from the crucible and weighed. The pores in the
button were plugged by dipping in molten paraffin and the volume was measured by
water displacement. The swelling index was defined as the button volume in
milliliters. For comparison purposes, the ASTM FSI profile number is very nearly
the button volume in ml. Each experiment was repeated 4 to 5 times due to the
variability in the button volume, and the value reported for each is the average
of all runs. Normally the standard deviation of this average was less than & 10%.

Temperature profiles were measured in order to ascertain that the
samples were subject to comparable heating rates. The initial heating rates are
guite high (1000—1200°F/min) and the temperature stabilizes after 3 minutes. The
heating rate in both hydrogen and nitrogen is nearly the same.

Experimental Results:

Each of the seven coals in the program was tested by this method. Tar
obtained during operation of the Westfield gasifier with Pittsburgh No. 8 coal
was used for the tar addition experiments with all tested coals.

The coals and their mixtures with gob and tar were tested at the
conditions shown in Table 7.

Table 8 shows the effects of the sample composition on the swelling of
different coals at 365 psia total and 115 psia hydrogen partial pressure.
Figure 8 is a graphical representation of these results,

The experimental results lcad to the following conclusions:

1. There is little difference between the swelling properties of the
Noble County, Ohio No. 9 coal and the two Pittsburgh seam coals,
EPRI-Champion and Westland, at the test conditions, i.e., at
1500° & 5°F, 350 psig total pressure and 115 psia hydrogen partial
pressure. This is in marked contrast to the 1 atm ASTM FSI data
(Table 1) where the two Pittsburgh seam coals have FSI values of 7



while the Ohio No. 9 has an FSI of only 4! The Burning Star-
Illinois No. 6 coke buttons and those made of RoSsington coal were
considerably less voluminous than those of the EPRI coal. Frances
and Upper Hiawatha coals are virtually non swelling.

With the exception of the Noble County coal, the order of the
pressurized swelling index values is the same as that of the ASTM

FSI values. The apparent grecater effect of gasilier conditions on
the Ohio No. 9 coal than on the Pittsburgh No, 8 coals may help
explain some of the unexpected operating difficulties which occurred
when the Noble County coal was fed to the BGC/Lurgi slagging gasifier
in the DOE sponsored Westfield trials. The observed differences in
the caking and swelling of the Ohio No. 9 coal at Westfield versus
those predicted by standard ASTM tests was one key factor which
eventually led to the present CCDC feedstock evaluation program.

It is interesting that increased hydrogen pressure and total
pressure has a larger relative effect on the swelling of the Noble
County coal than on its fluidity. The increase in the fluidity of
this coal is increascd by gasifier conditions by about the samc
factor as are the two Pittsburgh seam coals.

Doping with gob significantly reduces the swelling of all the coals
tested except the inactive Upper Hiawatha coal where the gob
addition had no effect. This observed effect is essentially that
expected from the diluent c¢ffect of the inert gob.

The addition of tar to the bituminous coals when they have been
doped with 10 wt % gob, considerably increases the volume of coke
buttons made of these coals (Table 9). Tar addition to the Utah
subbituminous coal does not have any effect, while the same tar
addition Lo Frances coal increases its very low swelling activity
by about 10%.

The addition of even 4% tar has little effect on the Noble County
coal (Table 9). This, coupled with the much larger observed effect
of operating at gasificr conditions discussed above, suggests that
the coal-derived tar content of this coal may be significantly
higher than that of the other coals. This, however, is not confirmed
by the coker yield data to be discussed later. It is possible that
such differences in the yield structure would be masked by reactions
between the coal-derived tar and added hydrogen or even pyrolysis-
derived gases. More coal-derived tar from the Noble County coal
could also explain the observation that this coal has the highest
ASTM Gieseler fluidity of any coal tested (Table 1).

The effect of hydrogen partial pressure on the swelling of all the
coals tested, doped with 10% gob, is negligible. There was little
difference bhetween the buttons produced in 100% N, at 350 psig and
those made in 31.5% H,~68.5% N, at 350 psig total pressure. The
use of a gas containing 18 vol % Hy; also did not affect the volumes
of the coke buttons of EPRI coal containing 10% gob. The effect of




the total pressure on the swelling properties was studied only with
EPRI coal doped with 10% gob. Prepurified nitrogen was used and
the results suggest there is little or no effect of the total
pressure on the swelling properties of this coal.

While the effect of both hydrogen pressure and total pressure on the
button volume is small they have a marked effecct on the shape of the coke
buttons. Coking a highly caking Eastern U.S. coal in the pressurized FSI
apparatus produces, at low pressure, a button with a smooth rounded top surface.
At pressures above about 150 psig, however, one or more appendages which resemble
stalagmites begin to appear on the top surface of the button.

This effect is not observed when lower rank coals are processed in the
device. Figure 9 shows a comparison of the effect of pressure on the shape of
the buttons produced from a typical Pittsburgh No. 8 seam coal with those
produced from a less active, I1llinois Basin, coal.

Apparently the pressure tends to prevent the whole top surface from
rising as seems to be the case at atmospheric pressure, but internal pressures
are built up which are eventually released through the observed stalagmite
growth.

As discussed earlier, there is encouraging evidence that more data on
these properties, to be obtained by running more coals through the program, will
lead to a predictive correlation of the swelling properties based upon petrographic
parameters.

Pressurized Coker Studies

The CCDC pressurized coker is a useful tool for testing several
parameters which are associated with coke formation in the upper part of a Lurgi
gasifier, Especially important in this respect is the friability which may be =2
key to successful stirrer design in future plants. This property is studied via
the mini drum tumbler test described earlier. Other coking properties which are
studied are the effect of washing, i.e., the effecl of non-coal impurities, on
the coke formed under pressure and the effect of recycle tar addition on coke
formation. An understanding of these effects will be important for gasifier and
coal preparation facilities design requirements.

All coals included in this program were subjected to testing in the
pressurized coker system to ascertain the effects of the total operating pressure,
the hydrogen partial pressure, gob addition and tar addition on the coke strength
and coke density. Product yields were determined for the runs made with clean
coal, Also, chemical analysis of gases, tars and cokes were obtained for the
clean coal runs and the effects of the above mentioned independent variables on
the methane, carbon monoxide and hydrogen contents of the product gas was
investigated.

Apparatus:
The pressurized coker is a 48" long, 2" diameter, double x wall pipe

made of Alonized 316 SS. The coker tube is capable of being rotated about an
axis located at the tube center as shown in Figure 10. The outlet half of the




coker tube is electrically heated with 6, 520 watt, resistance heaters. Skin
and internal temperatures are continuously monitored and recorded on a strip
chart. The tar trap is a small water-cooled pressure vessel. A dip tube
connected to the detachable lid reaches to the bottom of a teflon bottle tightly
fitted into the tar trap body. Glass wool, placed in the annular space between
the dip tube and the bottle neck acts as a demister. An opening is provided in
the tar trap lid for gas withdrawal.

A pressure control valve is located downstream of the tar trap and is
operated by a recording pressure controller and a pressure transmitter which is
connected to the gas inlet piping of the coker.

A dry ice temperature cold trap is located downstream of the pressure
control valve. Gas sampling bags and gas meters are provided on the tail end of
the system.

Procedure:

A 100 gram sample of sized coal or of a coal and gob mixture is
inserted into the cool inlet side of the coker while the body is kept in the
horizontal position. When tar was to be added to the sample a solution of the
desired weight of tar in 5 ml of toluene was prepared. The solids were immersed
in this solution, the toluene was evaporated in a vacuum oven at 50°C and the
sample was chilled in an ice chest prior to loading into the coker.

After the sample was charged into the coker, the inlet flange was
attached and the whole system purged with nitrogen at atmospheric pressure.
Heat-up was begun and when the coker thermowell temperature approached 1300°F,
the nitrogen purge was switched to the desired gas mixture and the gas flow rate
and operating pressures were sSet as specified for the desired run.

When the coker bed temperature reached 1472°F (800°C) an inlet gas
sample was taken by opening and closing previously evacuated gas sample bomb. A
split stream of the off gas was diverted into a gas sample bag and the coker
body was tilted into the vertical position. The sample dropped into the hot
zone of the coker and the coking process was begun. This shock heating under
pressure atiempts to simulate coal falling into the top of a moving bed gasifier.

The power was turned off after 15 minutes running time and the off gas
sample was collected for a total of one hour. The system was then depressurized,
the cold trap closed, and the coker was vented and kept under a small nitrogen
purge until the apparatus cooled down. The tar trap was then disconnected and
the tar removed, separated from the water phase and weighed. The coke was
removed and weighed after the coker internal temperature had dropped below 200°F.

Results and Discussion:

A total of ten different tests were devised to investigate the effects
of the total operating pressure, the hydrogen partial pressure and of the sample
composition on coke strength, coke density, coking yields and on the composition
of the products. Table 9 is a list of test conditions. All the tests were made
on coal sized 3/4" x 1/4" except test 10, Experiments were performed in
atmospheres of either 100% prepurified nitrogen or mixtures of prepurified
nitrogen with hydrogen. It should be mentioned that the tests identified as
No. 2 and No. 7 were donec for EPRI-Champion coal only.




A comparison of the results obtained from tests Nos. 3, 4 and 5 shows
the effect of total pressure, namely, atmospheric, 215 psig and 365 psig on coke
strength and mercury density of the coke. Similarly, a comparison of tests
Nos. 2, 3 and 6 shows the effects of O, 65 and 115 psia hydrogen partial pressure
(the balance being nitrogen) on the same variables. Tests Nos. 1, 6 and 9
compare the effects of gob addition to the coal, with test No. 1 investigating
"clean" coal, No. 6, coal doped with 10% gob and No. 9, coal doped with 20%
gob. Tests Nos. 7 and 8 study the effect on the abhove mentioned properties of
adding 5 and 10 wt % tar to a coal sample doped with 10% gob. Test No. 10 was
run on a "clean coal"” sample sized 1/4” x 12 mesh at 365 psia total pressure and
115 psia of hydrogen partial pressure. The finer size of the feed coal for this
test allowed for a more homogeneous sample than was possible when 3/4" X 1/4”
coal was used which, in turn, permitted better data on yield and coke composition
to be obtained.

The inherent variability of the coal and particularly that of the gob
samples used rendered any yield calculations based on these feed mixtures useless.
Hence, only those runs made with undoped clean coal were used for yield
determinations.

Figure 11 is a plot of the effect of various parameters on the coke
strength, The plotted data are averages of all runs made at each set of
conditions. The following conclusions may be drawn from this figure:

1, The strength of the coke made from the low fluidity coals (Frances
and Upper Hiawatha) and from the medium fluidity coals (Rossington
and Burning Star) is inversely proportional to total pressure.

The effect of increasing pressure on the strength of coke made
from the high fluidity coals (EPRI, Westland and Noble County) is
negligible.

2. The effect of hydrogen partial pressure on the coke strength is
small and variable (Figure 11).

3. The results related to the effect on the coke strength of doping
clean coal with 10% and 20% gob are inconclusive. The coke strength
decreases or remains basically unchanged in six of seven cases, the
exception being the Burning Star coal.

4, The addition of 10 wt % tar to coal previously doped with 10 wt %
gob caused a slight increase in the strength of the coke produced
in most cascs with the exception of the Upper Hiawatha and Burning
Star coals,

Figure 12 is a plot of the effects of pressure, gas composition and
gob and tar addilion on the coke density. These are particle densities as
determined by mercury displacement at one atmosphere. The data shown in this
figure suggest that:

1. The coke density remains the same or decreases very slightly when
the total pressure is increased from atmospheric to 350 psig.




2, The density of the coke produced from the studied coals depends
little on the hydrogen partial pressure. However, a slight increase
in density with increased hydrogen pressurc is seen for the high
fluidity coals.

3. As expected increased gob contents lead to increased particle
densities,

4. The addition of 10 wt % tar to low fluidity coals did not have
any effect on the density of the coke. However, the same addition
to medihm fluidity coals doped with 10% gob caused the coke density
to increase significantly. A slight increasc is observed for two
of the three high fluidity coals (EPRT and Westland) while a decrease
was found for the Nolile County coal.

-~

Interestingly, this rather complex picture of coke strength and density
may, as appears to be the case for the fluidity and swelling data, be
explainable in terms of a few petrographic parameters. More data on different
coals will show just how good a correlation cun be obtained.

Yield data were collected for cach of the over 100 coker runs in this
program, however, as mentioned earlier Lhe majority of these data are of little
value. Only the data obtained with clean coal samples give useful yield data.

A summary of the yield data from the runs madc at simulated gasifier conditions
(i.e., 365 psia total pressure and 115 psia hydrogen pressure) on 1/4" x 12 mesh
coal is given in Table 10. These data are based on Lhe average measured coke,
tar and liquid yields for all runs at these conditions for each coal (on a
moisture and ash free basis), with the gas yield calculated by difference.

In all cases the coke yield at simulated gasifier conditions of 365
psia total pressure and 115 psia hydrogen partial pressure is greater than the
fixed carbon content determined for each coal at 1 atm (Table 1). This is not
surprising since at elevated pressure the release of volatile components is
retarded. (!> 2:2)  The slowing of volatile release allows more of this material
to be converted to coke at the expense of liquid and/or gas yield.

The yield data for Frances coal, Table 11, where only clean coal was
used, shows that both coke and gas yields are increased at the expense of the
liquid yield in going from 1 atm N, pressure to 365 psia of N,. Here the coke
yield increases from ~ 65% to ~ 67.5% and the gas yield increases from ~ 25% to
29% while the liquid yield decreases from ~ 10% to ~ 4%. Possibly liquid
evolution repression can account for both the increased coke and gas yields. If
the liquid is held in the coal matrix some of it is coked and some is (urther
converted to gas by the longer residence time at elevated temperatures thus
reducing the overall liquid yield and increasing the coke and gas yields. At
elevated hydrogen pressures (115 psia and 365 psia total pressure) the coke
yield is about the same as when 365 psia of nitrogen is used, however, the
ligquid yield is greatly enhanced at the expense of the gas yield. Undoubtedly
reaction between the added hydrogen and the coal are responsible for the higher
liquid yield.

Figure 13 shows a comparison of produced gas composition with respect

t? CHy, CO and H, at various conditions. Since most of these data were obtained
with coal doped with gob the results may not be as reliable as if only clean coal
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was used, however, general trends are not expeclted to differ from those observed
here., The methane content of the product gas is 50-100% higher than for the
case with no added hydrogen while the hydrogen content of the product is
considerably lower.

Qualitatively this suggests that hydrogen evolved from the coal escapes
before it has time to react further with the remaining coal matrix. The CO
content of the product appears virtually unaffected by pressure and the addition
ol gob and/or tar hus little or no effect on the gas composition.

CONCLUSIONS

The experimental data presented herein should provide a start on the
required data base which will ultimately permit the prediction of the coking
properties of coals being considered as potential gasifier feedstocks. The
limited data obtained pertaining to pyrolysis yields and gas composition are
encouraging and suggest that accurate gas yield predictions may also he possible
at the conclusion of this program. The ecffccts of process variables on coal
swelling and fluidity has been fairly well established, but more work is needed
to get predictive mathematical correlations of these as well as coking and
pyrolysis properties of coals.
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Coal

Origin

Moisture

% As Analyzed

Proximate, Dry
Volatile Matter,
Fixed Carbon
Ash

Ultimate, Dry
Hydrogen, %
Carbon
Nitrogen
Oxygen (Diff.)
Sulfur

Ash

HHY, Dry

Btu/1lb

Ultimate, MAF

_
Hydrogen, %
Carbon
Nitrogen

Oxygen (Diff.)
Sulfur

Gieseler Fluidity,

(DDPM)

Free Swelling
Index (FSI)

Hardgrove
Grindability

Strength Index

Table 1

Composition of Feed Coals
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Ohio 111
No. 9 No. 6
Scam Seam Scotland England
2,28 2.02 2.68 9.99 G, 62 5,81
37.93 36,28 14.36 42, 94 38.84 38.01
19,94 52.21 46.10 43.52 56,93 59.04
12,13 11,51 9.54 13.54 4,23 2.95
1,93 4.84 5.16 4,65 5.07 5.06
72.52 73.13 72.70 63.00 78.73 79.13
1.15 1.51 1.05 1.31 1.60 1.66
6,80 7.16 8.12 9.26 9.93 9.68
2,17 1.85 3.43 3.24 0.44 1.52
12,13 11.51 9.54 13.54 4,23 2,95
12,955 12,990 13,370 12,165 13,790 14,195
5.061 5.47 5.70 5,38 5.29 5.21
82.53 82,64 80.37 78.65 82,21 81,54
1,65 1.71 1.16 1.52 1.67 1.71
7.74 8.09 8,98 10.71 10.37 9.97
2,47 2.09 3.79 3.75 0.46 1.57
5,200 15,3800 27,000 4.7 1.0 5.3
7 7 4 3.5 1.5 3.5
52.9 62.9 49.7 48.7 38.6 48.3
0.849 0. 886 0.806 0.831 0.942 0.847
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Utah

41.74
50.36

4. 94
72.08
1.25

0.48

12,688

5.36
78.26
1.36
14,50
0.52

45.6

0.884



le 2

List of Testing Conditions

tor Pressurived Coal Fluidity Studies

Testang

Test Prassure,
No. Sample Composytinm psix Gas Corpositivn
[ Clean Coal Arr g
1 Cleun Coual 31.56 Uy, Bal. Nz 3
2 Clean Coual 2. Bal. N “
k] 90 Wt 9 Coul v 10 WL % Gub 6
a0 99 we % coul . Gob 5
H 90 we l Coal Gob ¥ 9
68 By W Coal . )
Gob o+ X : © Uy, Bal, 5, o
1 HG We [ Coal W
Gob 4 1 Wi My, Bal. ¥ W
80 00 W S coal Goh 200 . : G
9 80 Wi % Coal Golb 350 Hy, I 2 i
(1) Test performed on EMRI-Champion, PLUUsburgh Xo. 8 Seam coul onls.

Table 3

the leating
ol Various

The Effect of
on the Fluiditly

Rate

Couls

Soble Coun
Mio Yo, 9
S

Westland

Frances
Scotland

Kossingion
Englund

Heating Rate

iesy Contitioms: Total Pres = 363 Psia
Hydrogen Pariiul Pressire = 113 Ps
Sample Composiilon = Cican Coal

are averapes of 1wo duplicale runs.

keported valu

)

13

Torque correction factors used for fluiditics higher than 30,000 DDP at 100 g cn torque.

Db

Upper
Hiawaih
¢




EPRI-Charpion

Table 4

The Effeet of the Gas Composition
on the Fluidity of Various Coals

Westland Noble County

Burning Star

Upper
Pitisburgh Pittshargh Ohi'o No. 9 Illinois Franccs Rossinpton Hiawat ha
fu. 8 Scam 5 %o, 6 Scam Scotiand England Utah
DDI% DDF DD UDIz LOPL BDF
Gas Composition
100% Ritromen 36, 000t 12,600 73, 700(1) 30 s 1,100 3
187 H,, Bal. 3, a8, 500(1) - -- - .- . -
31.57 M, Bal, X, 53,600(1? 14,500 81,200(1) P ; 1 w00 3
Test Conditions; Total Pressure = 365 Psia
Heating Rate = 6°C/min
Sumple Composition = 90 »i % coal + 10 wt ;. gob (except Frunces coal)
Heported values are averages of two duplicate runs.
(1) Toryue conversyon fuctors used for fluidities higher than 30,000 DDFM at 100 g c¢m torque.
Table 5
The Effect of Gob and Tar Addition
on the Fluidity of Various Coals
EPRI-Chappion  Westlund Noble County  Burning Star upper
Pittsburgh 9 1llinois Frances Rossington Hiawatha
Xo. 8 Scam No. 6 Scam  Scotland (1) Englund Uteh
DDI%: DDPH DDPN DO DD
sample Composition
C‘l)cnn Tonl 61, 700(2) 19,800 laD,OOOE’; 230 7 2,600 53
93 Wt % Coal + 10 Wi % Gob 53, 600(?) 14,500 51, 20082 50 - 1,800
@ we > () o 56 (2) 20 _- 1,400 3
80 Wt ¢ Coal + 20 Wt % Gob 41,200 11, %00 56,900 R
89 Wt % Coal + 10 ¥t % Gobv - N B
+ 1 Wr % Tar 57,300¢2 -- -- -- --
§6 Wt % Coal + 10 Wt % Gob
+ 4 Wt % Tar 96,200(? 34,500(2) 161,500 540 11 3,500 4
Test. Conditions: Total Pressure = 365 Psia
Hydrogen Partial Pressure = 115 Psia
Heating Rate = 6°C/nmin

&:ported values are averages of two duplicute rune,

v
)

No gob added to Frauces coal.
Torque conversion factors used for fl

uidities higher than 30,000 DD

14

' at 100 ¢ cm torque.




Table 6

The Effect of the Nitragun Prussure o
Fluidity of EPRI-Pittsburgh No. & Sc

Flutdity, DDPS
7,600
36, 900
Test Conditions: Sumple Type = “clean” coul
Torgue = 324 g om
Heating Rate = G6°C/min

Keported salues are averages of duplicute runs. Torque
ston factor cqual to 3.11 used to obtain fluidity

Remay

conve
values us shown.

Table 7

List of Testing Conditions for
ihe Pressurized Swellaing Index betermination

Protay Py
Test Samplc Psia psia
1 Clean Coal 3053 115
2 90 wt ‘b Coual + 10 Wt % Gob 365 o
3} 90 We b Coul + 10 WL b Gob 65
4 9G Wt % Coal + 10 Wt % Gob 115
50) 89 Wi % Conl + U WL =\ Gob + 1 WL <" Tar 115
6 86 Wt % Coal + T Gob o+ )1 WU Tar 115
7(1) 90 WL % Coul + S Gob o
E) 80 Wt h Coal + @ i Gob 115

(1) These were run only 1or one coal (EPRI-Champion, Prit sburgh No. 8
Seam coal).
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Toble 8

Lifect of Feed Composition
on the Swelling of Different Coals

Coal
PRI Burning
Charpion Westland Noble Star Upper
. Pittsburgh Pittsburgh County 1llinois Frances Rossington Hiawatha
No. 8 Yo. 8 Ohio No. 9 No. 6 Scotland England Utan
le Composition
Clcan Coal 3.0 2.8 3.0 2.0 1.0 1.8 0.9
90 #t % Coal + 10 %t % Gob 2.4 1.9 2.3 1.8 -~ 1.8 0.9
80 Wt % Coal + 20 ¥t % Gob 2.2 2.1 2.4 1.6 .- 1.7 0.9
89 Wt % Coul + 10 Wt % Gob +
1 Wt % Tar 2.6 -- -- -- - - --
86 Wt % Coal + 10 Wi 7 Gob +
4 Wi % Tar 2.9 3.8 2.3 1.9 1.1 2.0 0.9

swelling index is cxpressed as the average volume in al of all coke buttons produced ut given test conditions.

Piori 365 psia
Py, + 115 psia

T : 1500 & 5°F

Table 9

List of Pressurized Coker Testing Conditions

Totul Testing Hydrogen Part i
Test Xo. Prossure, psia Pressuie, psia Sample Composition

1 35 115 Cleen Coal

201 355 65 90 WU § Coul + 10 wt 4 Gub

3 3658 o 90 W 4 Coul » 10 Wt % Gob

10 215 Q 90 Wi L Coal + 10 Wt % Gob

5 15 0 %0 %L b Coal + 10 Wt % Gob

G 115 % Wi % Coal + 10 Wt f Gob

70 115 8% Wt Y Coul + 10 Wt § Gob +
5 Wt [ Tar

8 365 135 B0 bt % Coal + 10 Wt % Gob +
10 Wt § Tar

9 365 115 §0 Wt T Coal + 20 Wt % Gob

1080 365 115 Clean Coal

(1) Tests performed on EPRI-Chumpion, Pittsburgh No. ¥ Scaw voal only.
{3) Test No. 10 performed on 1/4% x 12 mesh sized coals, all other tests on
3/4"% x 1/4" sized materials.

16

.




Table 10

Coker Yicld Da

Fced Coal Coke Yicld Liguid Yield Gas Yicld*

(NAF Wo 3) (MAF Wt %) (MAF Wt 1)
EPRI-Champion 61.9 14.0 21.3
Westland 65.5 12.4 22.0
Noble County 60.1 13.3 26.6
Burning Star 62.9 1.8 25.3
Frances 657 1.z 23.1
621 15.4 22.5

Rossington

Upper Hiawatha h7.8

T : 800°C

P b5 psia

tot?
P”? ¢ 113 psia

1/4% x 12 mesh clean coal

+ Gas yield is diffevence of coke and liquid from 1005,

Table 11

Effecct of Pressure and Gas Composition
on the Coking Yields from Frances Coal

Hydrogen
Partial Total Tar Coke Yield Liquid Yield
Pressure Pressure Content in (MAF Basis) (AF Basis) (MAF Busis)
{psia) (psia) Feed (wt %) (ot §) (wt B (vt ¥)
115 365 0 10.0 24,4
115 3} 12.3 22.0
115 [ -- -
115 ¢} 9.5 22.7
115 [« 11.3 20.8
<] o 3.7 25.8
o 0 9.8 25.2
o 15 o -
0 15 0 -

17



Figure | .
Sample Preparation Scheme

55 GAL.
ORUM
SAMPLE
Cone & Quarter
374 Semple 4 Sample
Y
SPARE SAMPLE , [(SCREEN % ,
+3/4 -3
Plastic  Bag }
WATER  HAND PICK SAVE FOR
WASH 608 POSSIBLE
AT
RIFFLE LATER USE
3/4 Sumple 174 Sample Plestic Bag
SAYE FOR USE GRIND TO—'/4"
it
PROGRAM TESTS RIFFLE |
Y Sample l Y4 Samole /2 Sample
4
T . SAVE FOR POSSIOLE
EO ANALYTICAL L «ﬂ lTo PETROGRAPHY LAB] LATER. USE
Figure 2
EFFECT OF HEATING RATE ON THE FLUIDITY OF
PITTSBURGH NO.8 AND OHIO NO.9 SEAM COALS
TOTAL PRESSURE -
365 PSlA
HYCROGEN PRESSLFE:
115 PSIA
200,000 -
L D/
100,000 |-
+/
50'000 [ /D /
L -
; /
z L
a2 P
z o
5 —
o
= 10,000 -~
10,0001 + EPRI-CHAMPICY
- o WESTLAN
. ta}
500 |- rd O NOELE CO
! !

HEATING RATE {°C/:i)
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FLUIDITY (DDPM)

FLUIDITY (DDPM)

Figure 3

EFFECT OF HEATING RATE ONTHE FLUIDITY OF
BURNING STAR AND ROSSINGTON COALS

/ TOTAL PRESSURE :
F . 365 PStA
HYDROGEN PRESSURE:
{ 15 PSIA
1,000 |
500 F L
I /
I / A BURNING STAR COAL
L e o ROSSINGTON COAL
100 L
50 [ R
{ 1
3 6
HEATING RATE (°C/MIN.)
Figure 4
EFFECT OF GAS COMPQSITION ON THE FLUIDITY OF
VARIOUS COALS
TOTAL PRESSURE © 350 PSIG
HEATING RATE: 6%C MIN
SAMPLE © 90 WT %- 35M COAL +10 WT %= [00 M 60B
100,000 |-
L —0 | e
50,000 |- e f——
L +/‘/
o
—— o——
—0Q —
10,000 -
+ EPRI-CHAMPION
5,000 | OWESTLAND
i £1NOBLE CO.
© ROSSINGTON
B 4 BURNING STAR
P
oA NOTE:
1000 o] scaLe caawee
100 a
. —
et /
/A
" TBVOL.% Mz |315 VOL.% Hz
100% Nz 82VOL.% N2 685 VOL.% N2,

GAS COMPOSITION
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Figure 5

EFFECT OF GOB ADDITION ON THE FLUIDITY OF

VARIQUS COALS

TOTAL PRESSURE: 385 PSIA
HYDROGEN PRESSURE: iI5 PSIA
HEATING RATE: 6°C/ MIN

r
a,
100,000 |
= a.
- \
so000 [ s | O
oL e~
- + EPRI- CHAMPION
O WESTLAND
~l_ O NOBLE CO.
o
T~—0 @ ROSSINGTON
10,000 |- 2 BURNING STAR
= E
o L.
3 5000}
= L
a .
E - \\o
~_
1,000 |-
500 [~
B 800DPM  3000PM
a—] N4 o
100:0 90:10 80: 20
COAL: GOB RATIO
Figure 6
EFFECT OF TAR ACDITION ON THE FLUIDITY OF
VARIQUS COALS DOPED WITH (0% GOB.
TOTAL PRESSURE : 365 PSiA
HYDROGEN PRESSURE: 115 PSIA
HEATING RATE : 6° C/MIN
100,000 r D//—“’ +
so,000f +—
L o + EPRI-CHAMPION
F L © WESTLAND
| / O NOBLE €0
2 o © ROSSINGTON
& 4 BURNING STAR
S 10,000 |
- L
= 5,000} hd
) L
= /
p ) .
'S
F ®
1,000 |
L > o
500 xgyg?
o )
F '
90:0:0 | 89:0:1 | g6:0:4

COAL: GOB: TAR RATIO




BUTION VOLUME {Mi)

Figure 7
Pressurized Swelling Index Apparatus’

IC

O

5{% l«—8"DIA.
INSULATION
HEATERS

Figure 8
EFFECT OF SAMPLE COMPOSITION ON THE SWELLING
OF VARIOUS COALS

4.0
© + EPRI-CHANPION
i © WESTLAND
O ROBLE €O,
3.0 n\ \/’ A BURNING STAR
h * FRANCES
/4/
r +<—/_,:’- ® ROSSINGTON
O==p o A UPPER HIAWATHA
{=]
2.0 A\\‘,// |t T:15002 S°F
B ' Ptat =365 Psi
=2 o sic
PHz = 115 Puia
1.0 * -
X N u
100:0:0 | 90:10:0 | 80:20:0 | 83:101 86:10:4
COAL: GOB* TAR: RATIO
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P17TsBURGH No. 8
HESTLAND

Floure 9
SWELLING PROPERTIES OF PITTSBURGH NO, 8 & ILLINOIS KO, € COALS ~

T

ILeinors No. 6
BumniNnG Star

®a

1 ATMOSPHERE - NITROGEN

® —

1 AtMosPHERE - MN1TROGEN

®2

350 ps16 - NITROGEN

350 pst6 - NiTroceN

®3%

350 psi6 - Hypaogen

@v

350 psi6_- Hyorosen

Figure 10

Pressurized Coker

Reactor /

Furnace
(800°C)

[nternal Pipe

Screen

30"
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COKE STRENGTH

Figure 11
EFFECT OF SAMPLE COMPOSITION, TOTAL PRESSURE AND
HYDROGEN PRESSURE ON THE COKE STRENGTH

T:800°¢C 1:800°¢C T:800°C
Pm.: 365 Psia PHy:0 Psio Ptot: 365 Bsia 4 £pRI-CHAMPION
PHz : 115 Psio 9:1 Coal: Gob 9'1 Coal * Gob
0.900 | OWESTLAND
] TINOBLE €O,
A
p ABURNING STAR
= 0.850 .
o 1 Py | ermances
2
z 1s \ ./
z 4% . . \ @ ROSSINGTON
2 o ] NN Bl
~ 0.800 \,7;// a /\\Y' A UPPER HISHATHA
2 <4 \
3 1 DL ‘/\;
2 ] 2= 2l vALUES swow aRe
orsoq = \f’ / AVERAGES OF ALL
] . u DATA AT
a GLVEN CONDITIONS
HIMIHEHEIBE 15 |25 [ 365 oles]is
wiF | R8Il
CLEAN |COAL:GOB: TAR
COAL RATIO ToTAL HYDROGEN
SAMALE COMPOSITION PRESSURE PRESSURE
(Psia) (Psio)
Figure 12
EFFECT OF SAMPLE COMPOSITION, TOTAL PRESSURE AND
HYDROGEN PRESSURE ON COKE DENSITY
1:800° € T:800° C 1:800°C
Ptot:365 Psia PH2:0 Psio Pot:365 Psia
+EPRI- CHAMPION
. PH2: 115 Psig 9:4 Cool - Gob 9:1Coal: Gob | o WESTLAND
& o INOBLE CO.
[45) +
S 1.6 d o\ o | ABURNING STAR
e 62/&’{; St 1< S FRANCES
> 14l 6/0743 o ° 8=+ | o possinGToN
= o 3 AUPPER
2 a4 a HIAWATHA
jv) 2,
[= TN ™~
w '§2 T . 2 | vaLUES sHown
v & a ARE AVERAGES
= R . . U Y
S oo GIVEN CONDITIONS
HRIEEHEIE 15 [215 | 365 o |esfus
ESREAEIE AR
CLEAN | CORLIGOB: TAR
TOTAL HYDROGEN
Coar RATIO PRESSURE PRESSURE
SAMPLE_COMPOSITION {Psia) (Psia}
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Fiqure 13
EFFECT OF TOTAL PRESSL?RE, HYDROGEN PRESSURE AND
SAMPLE COMPOSITION ON H,, CO AND CH, CONTENT IN

PRODUCT GAS
60 | R +EPRI-CHAMPION
y ==, [ B2E | owestLand
- |2\ | N
. a_a / * o NOBLE CO.
5 60 I TR |
§, ] /3 E / ~. A BURNING STAR
=2 73K # FRANCES
« 40- 2 F
i ] o ROSSINGTON
b a UPPER
20 # HIAWATHA
3 299 t=
& A 4 - . a
g | §'§é S—/'és 31 Zﬁ g <
Z PSS 9%‘ i'\. . H
8 0 a A/ &
601 . VALUES SHOWN
K ARE AVERAGES OF
N ALL DATA AT
0] \\\\u . GIVEN CONDITIONS
= N3 | &
a 1 ¢
] A ;\ . X
= 204 . .
T \\ / o »
4 \.: ‘K AN\,
0] o | Pl |8
l5|215 365 o]es B |3 | olo [of €
o Ixlx]elg el g
Ptot (Psla) | PHa( Psia) wistl gle | 818
. . ] - @«
T:B00°C  } T:800°C ¢ gan |onaLG0B |COALIGOB
PH,: 0 Psio Ptot: 365 Psio| COAL RATIO |TAR RATIO
9:1Coo0l:Gab | 9:ICoal:Gob

SAMPLE COMPOSITION
T:800°C, Ptot:365 Psia
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